Abstract. We studied the effects of windthrow on the understory plant species composition of a pine forest (dominated by Pinus strobus) and an oak forest (dominated by Quercus ellipsoidalis). We recorded the presence of vascular plant species in randomly located quadrats in the two forests, and in three microsite types associated with tipup mounds (pit, old soil and new soil) in the pine forest at irregular intervals over the course of 14 years. The understories of the two forests remained distinct throughout the study. The frequency of occurrence of a number of forest floor species considerably increased; few species decreased. The disturbance specialists Rubus idaeus and Polygonum cilinode increased in frequency throughout the study in the pine forest, but are beginning to decline in the less disturbed oak forest. Annuals and biennials preferentially colonized the disturbed soil of microsites on tipups, and declined in frequency after about 7 yr. Both forests have increased in understory species richness, but have not changed substantially in the distribution of growth forms. Despite early differences in species composition, microsite types associated with tipup mounds became more similar through time. Although small in magnitude, there was a directional change in understory composition at both forests, with no apparent sign of a return to pre-disturbance conditions.
Introduction
Catastrophic windthrow is a dominant natural disturbance in temperate forests (Everham & Brokaw 1996) . In the Great Lakes Region of North America, windthrow frequently disturbs forest canopies. Frelich & Lorimer (1991) estimate that moderate to major canopy disruption occurs once or twice within a tree's life span. Wind disturbance must be considered an integral part of the dynamics of these forests.
Although effects of windthrow on the forest under- story are less well known than the effects on tree species (e.g. Webb 1988 Webb ,1989 Bellingham et al. 1994; Dyer & Baird 1997; Arévalo et al. 2000 ; this issue), several generalizations are beginning to emerge. Windthrow typically leads to an increased diversity of the understory (Collins & Pickett 1987; Peterson & Pickett 1995) . Ruderal species tend to increase after a storm (Hicks 1980; Peterson & Rebertus 1997) ; in many northern temperate forests, Rubus spp. become dominant (Fischer 1992; Wohlgemuth et al. 1995; Peterson & Pickett 1995; Peterson & Carson 1996; Cooper-Ellis et al. 1999) . Windthrow often produces pit-and-mound topography (Beatty & Stone 1986; Schaetzl et al. 1989) . Pit-and mound microsites have distinctive soil and microclimatic characteristics (Beatty 1984; Liechty et al. 1997 ) that influence fine-scale patterns of understory species distribution (Thompson 1980; Beatty 1984; Pickett & White 1985; Collins & Pickett 1987; Carlton & Bazzaz 1998a; Cooper-Ellis et al. 1999) . Disturbance and ensuing succession can result in changes in the growth form distributions of species (Díaz et al. 1994; McIntyre et al. 1995; Tsuyuzaki & del Moral 1995; Ne'eman & Ido 1996; Prach et al. 1997; Vetaas 1997; García-Mora et al. 1999; Prach & Pyšek 1999) . For example, disturbance can favour establishment of annual and biennial species (Díaz et al. 1994; McIntyre et al. 1995; Prach et al. 1997) .
Canopy disturbance frequently enhances plant diversity (Collins & Pickett 1987; Peterson & Pickett 1995; Cooper-Ellis et al. 1999 ). This enhanced diversity can be caused by increased environmental heterogeneity in the form of patchy light availability (Bellingham et al. 1996) , spatial heterogeneity in soil resources (Bormann et al. 1995; Carlton & Bazzaz 1998; Denslow et al. 1998 ) and local deposition of fallen trees (Everham & Brokaw 1996) . Alternatively, the increased diversity could be caused by addition of colonizing species to a disturbed community, regardless of environmental heterogeneity -as long as the number of colonizing species exceeds the number of species lost to the disturbance.
After canopy closure following disturbance, the forest floor environment is likely to be similar to predisturbance conditions, which could be expected to result in an eventual return to pre-disturbance understory species composition. Only a few studies have documented such a return after windthrow (Peterson & Pickett 1995; Mabry & Korsgren 1998) , and it is not clear whether such a phenomenon is general.
The purpose of this study is to evaluate effects of a 1983 windstorm on the understory of two forests in central Minnesota, USA. In particular, we determine whether the species composition and growth form composition of the understory change following disturbance, and assess the magnitude of the change. We evaluate whether species richness does indeed increase following disturbance. Finally, we test whether tipup mound topography created by fallen trees influences species composition, and how such influences change through time.
Study sites
On July 3 1983, a powerful windstorm caused high tree mortality in a number of forests in Cedar Creek Natural History Area (CCNHA), Anoka County, Minnesota USA (45° N, 93° W). CCNHA is a 2200 ha Long Term Ecological Research site of the US National Science Foundation. The area has a continental climate with cold winters (mean January temperature = -10 °C) and hot summers (mean July temperature = 22.2 °C). Precipitation falls fairly evenly through the year (mean = 660 mm/yr). We selected two sites for this research; we call them 'forests' for consistency, although it could be argued that the windstorm deforested the areas. Both forests are located on the Anoka Sand Plain, which is characterized by well-drained, nutrient-poor, sandy soils (Tilman 1988) .
The first forest (hereafter 'oak forest') was dominated primarily by Quercus ellipsoidalis (but note that there is substantial introgression of Q. ellipsoidalis with Q. rubra in these forests ; Swain 1972) and Populus grandidentata. The storm reduced the tree (> 2.5 cm in diameter) density from 1104/ha to 684/ha, and basal area to from 29m 2 /ha to 12 m 2 /ha. There was no sign of tree cutting or other anthropogenic disturbance.
The second forest (hereafter 'pine forest') was dominated by Pinus strobus. Although there are no signs of recent disturbance, the stand is clearly of secondary origin (probably a result of oldfield succession). There are no clear differences from the oak forest with respect to soil, slope, or hydrology. The storm impacted the pine forest more strongly than the oak forest: it decreased tree density from 1104/ha to 446/ha and basal area from 42 m 2 /ha to 12 m 2 /ha. Unlike in the oak forest, where many of the trees snapped, a very large proportion of fallen trees in the pine forest were uprooted, and thereby created tipup mounds.
Although we are naming these forests after the dominant species, we do not assume they represent oak forests and pine forests in general. Therefore, we must treat the results of this study with caution; it is clearly an unreplicated study. Unfortunately, it was impossible to locate 'control' undisturbed forests in the vicinity of our study sites, as the nearby plant communities were fundamentally different in prestorm species composition.
A companion paper to this one (Arévalo et al. 2000 ; this issue) gives more details on initial forest structure, tree species composition, and changes to the tree composition during and following the storm. In summary, Arévalo et al. (2000; this issue) found the initial impact of the storm was to remove large individuals of early successional species, and later-successional species grew disproportionately well in the years following the storm. The tree species composition of the two forests became somewhat more similar through time.
Methods
Within two weeks following the storm, we established a permanent 50 m × 50 m plot in the center of the oak forest. The plot was at least 15 m from the nearest forest edge on all sides. We mapped and measured the diameter at breast height (DBH) of all trees, both living and dead, within this plot. More details on the measurement of trees are given in Arévalo et al. (2000; this issue) . We divided the 50 m × 50 m plot into 25 10 m × 10 m subplots. Within each of these subplots, we randomly located (without replacement) four 1 m × 1 m quadrats, and marked the origin and diagonal corner with an iron reinforcement bar. This resulted in 100 quadrats. We recorded the presence of all vascular plant species in each quadrat in July of 1983 July of , 1984 July of , 1985 July of , 1990 July of , 1993 July of , and 1997 . Since the 1983 data were collected so soon after the disturbance, we consider this sampling to represent pre-disturbance species composition. We chose presence rather than cover classes to minimize subjectivity, and because presence is less likely than cover to be influenced by phenological differences between years (as we could not always guarantee that we would revisit the quadrats during the same time each year). However, we acknowledge the limitations of presence/absence data, and cannot make conclusions about trends in density, biomass or cover. The permanent plot in the pine forest was 60 m × 50 m (resulting in 120 1 m × 1 m quadrats), centered in the middle of the forest, and at least 10 m from the forest edge on all sides. Sampling was identical to that of the oak forest, except that we added an investigation of tipup mounds. In 1984, we mapped the location of all tipup mounds. We recorded the presence of vascular plants on two parts of the mound: (1) the 'old soil', which was the part of the mound on the side of the tree bole, consisting of intact but uplifted forest floor soil, and (2) the 'new soil', or the side of the mound away from the tree consisting of bare mineral soil. In practice, the crest of the mound perpendicular to the tree bole was a well-defined border between the two microsite types, and we continued to use this border as the 'old soil' began to erode away. In 1985, we added a third microsite type, the pit, which consisted of the area that was below the level of the forest floor, and on the opposite side of the mound from the bole. Not all tipup mounds had a recognizable pit. We found 56 tipup mounds, 53 of which had noticeable pits.
In 1993 and 1997, we measured the height of the mound from the forest floor, and the length of the mound (parallel to the bole), width of the mound (perpendicular to the bole), and depth of the pit. Following Webb (1988) , we calculated a rough estimate of the mound's area (projected vertically) as an ellipse, based on its length and width. We approximated the area of 'new soil' and of 'old soil' to be each 1/2 of the mound area, since the two portions of the mound were usually almost symmetrical. The area of each pit was estimated as an ellipse, based on the width and initial height of the mound. Although in retrospect it would have been better to measure the dimensions of the pit itself, the errors of mound-based measurements are not very large in this system.
We determined the growth form of each species encountered using the USDA Plants list (Anon. 1999) with the following exceptions. Since biennials, annual graminoids, and annual vines were quite infrequent in the database, they were joined with annual forbs in an 'annual/biennial' category. We also split 'perennial vines' into two categories: herbaceous vines and woody vines. The categorizations are given in Apps. 1 and 2.
Although it has been shown that a finer categorization of plants into seed-producing and vegetatively reproducing is useful for the study of disturbance effects (De Grandpré & Bergeron 1997), we do not have any data that would allow such a classification. However, most of the perennial species in both forests are capable of both sexual and vegetative reproduction.
Based on the literature (e.g. Voss 1985; Great Plains Flora Association 1986; Gleason & Cronquist 1991) and on visual observations in the same region (but outside the study plots), we were able to assign a number of species to the categories 'ruderal', 'disturbance specialists' and 'forest floor' (Apps. 1 and 2). This categorization is meant as a guide to interpret changes in species composition, but not for further quantitative analysis. We define ruderals as plants that obligately reproduce by seed, have a short life span, and apparently require soil disturbance. 'Disturbance specialists' are species that are known in the literature to increase in disturbed areas, but differ from ruderals in that they are potentially long-lived and are capable of spreading vegetatively. 'Forest floor species' are found predominantly in forest understories, and are predominantly geophytes. Many species remain unclassified, because of insufficient information or intermediate behaviour.
Data analysis
We performed two runs of the program Canonical Correspondence Analysis (CCA; ter Braak 1986) to express species composition as a function of time, site, and microsite. In the first CCA, we had a dummy (1/0) variable representing each year by site combination (oak forest 1983, pine forest 1983, oak forest 1984, pine forest 1984, etc.) , and used only quadrat data to assess whether sites differed, whether change was directional, and whether the two sites changed in parallel. In the second CCA, we restricted our analysis to the pine forest, and our dummy variables represented each combination of microsite type (quadrat, new soil, old soil, pit) and year, to assess (1) whether the microsites differed, (2) whether the change was directional, and (3) to determine whether the microsites changed in parallel. Such analyses, in which only dummy variables representing category membership are included in a constrained ordination, are termed 'analyses of concentration', and have some similarities to discriminant analysis (ter Braak 1987).
We assessed the magnitude of each forest's change through time by calculating percentage similarity (Gauch 1982; Legendre & Legendre 1998) for each pair of years:
where j and k represent two different sampling periods, the summation is over all species i, and F ij is the number of quadrats occupied by species i in sampling period j. If unadjusted, PS jk will present misleadingly low values of similarity: due to statistical variation, the percentage similarity of a site and itself will not equal 100% (that is, two different random samples of the same forest will not result in identical species composition; Gauch 1982) . To obtain an estimate of replicate similarity, we calculated:
where F 1 ij = Σ (1 if R q < F ij ;/N; 0 otherwise), the summation is over N quadrats, and R q is a uniform random number between 0 and 1, unique for each quadrat q. F 2 ij is calculated identically, except with a different sequence of random numbers R q . We took our estimate of PS jj to be the average of 100 separate runs. This estimate is conservatively high (though not as high as the standard assumption of PS jj = 100%) because it assumes our measures of F ij are known without error. In our study, replicate similarity ranged from 88.7% (for the pine forest in 1984) to 91.4% (for the oak forest in 1990). We then corrected our initial estimates of PS jk for replicate similarity using:
Since replicate similarity will be conservatively high, this estimate of PS * jk will be conservatively low. All ordinations were performed using CANOCO 4 (ter Braak & Šmilauer 1998), and all other analyses were performed using SYSTAT (Wilkinson et al. 1992) or VisualBasic programs written by the first author. Although we report 'significance' of some of the statistics, such inference is not to be trusted entirely because of the intrinsic problem of spatial dependence (Palmer 1988; Cressie 1991; Legendre & Legendre 1998) .
Results
In both forests, the species composition did not change much between sampling intervals (1983, 1984, 1985, 1990, 1993, and 1997; Table 1 ). Similarities ranged from 63.6% to 97.4%. The oak forest changed, on average, less than the pine forest. In general, the similarity decreased as a function of the time separating the sampling intervals. An interesting exception was that in both forests, the similarity between 1983 (which represents pre-disturbance conditions) and 1997 was less than the similarity between 1983 and 1993. However, the difference was so slight that it is premature to conclude that the composition was returning to its predisturbance conditions.
Differences between the two forests
Direct gradient analysis (CCA), using site by time combination as dummy variables, revealed both differences between the forests and change through time. The first CCA axis separated the two forests from each other (Fig. 1a) . The CCA species scores illustrated species typical of the pine forest on the left, those typical of the oak forest on the right, and those shared by both forests in the middle (Fig. 1b , App. 1). The understories of both forests included a matrix of Rubus idaeus, Amphicarpaea bracteata, Parthenocissus quinquefolia, Maianthemum canadensis and Carex pensylvanica, all species with at least 30% frequency (App. 1). The oak forest had two additional species that had and maintained at least a 30% frequency: Acer rubrum and Corylus americana. In the pine forest these two species had at most 20% frequency. One of the most notable differences in the understory species composition between the two forests was the occurrence of the shrub Vaccinium angustifolium in 30 -40% of the oak forest quadrats, but its virtual absence in the pine forest. This pattern also was true for Orthilia secunda, although its frequency was lower. In contrast, Circaea spec., Hackelia deflexa, Galium triflorum, and both Cornus spp. were present in 10 -40 % of quadrats in the pine forest, but extremely infrequent in the oak forest.
Changes in species composition through time
Analysis of similarity (Table 1) and indirect gradient analysis (not shown) revealed that changes through time were low in magnitude. Nevertheless, CCA revealed subtle temporal trends (Fig. 1) . Although the first CCA axis (using site by time combinations as dummy variables) was a clear site effect as discussed above, the second axis was a temporal gradient, with later years towards the bottom (Fig. 1a) . The species most typical of the early years are on the top, and those of later years on the bottom; this is reflected in App. 1. After the The number of species in the forests representing differing growth forms, expressed cumulatively. In the top row of figures, all the species encountered in all quadrats for a given year and forest are represented. Since growth forms are expressed cumulatively, the upper curve represents the total number of species encountered. As quadrats were established soon after the storm, 1983 represents pre-disturbance conditions. In the bottom row of figures, all species in all samples of a microsite type are represented.
attest to strong Rubus dominance in cover and biomass. Rubus species are commonly disturbance specialists (Wohlgemuth et al. 1995; Peterson & Pickett 1995; De Grandpré & Bergeron 1997; Cooper-Ellis et al. 1999) . Polygonum cilinode, a vine that flourishes in disturbed forests (Voss 1985) , also achieved high frequency (and based on observations and photographs, high biomass and cover). The forest understory species Aster macrophyllus, Dryopteris carthusiana and Maianthemum canadense increased in frequency over the study period in the pine forest, but their frequency was essentially unchanged at the oak forest (App. 1).
Compositional change was strongest in the early years, with little change occurring after 1990 (Fig. 1) . The more heavily disturbed pine forest changed more rapidly than the oak forest. Although basal area and density of trees were in the processes of recovery (Arévalo et al. 2000 ; this issue) there was no sign that understory composition was returning to pre-disturbance conditions (i.e. a reversed trajectory in Fig. 1a) . Monte Carlo tests (of the CCA first axis, plus partial CCAs not shown) indicated that both forest and year were significantly related to species composition (p < 0.001).
Changes in species richness
The understories of both forests increased in species richness after the storm. The pine forest has more species (Fig. 2) , an effect that cannot be explained by the larger number of quadrats (verified by rarefaction analysis; not shown). The pine forest richness also increased by a larger proportion after the storm. The oak forest richness remained essentially at the same level after 1985, while the pine forest richness peaked in 1993 and then declined. At the quadrat (one square meter) level, the oak forest was initially richer than the pine forest, but by 1990 their order reversed (Fig. 3) . Quadrat richness peaked in both forests in 1993. The richness increase in quadrats was much more dramatic than for the forest as a whole. For example, in 1993 the quadrat richness in the pine forest was 108% higher than in 1983, while the forest richness was only 51% higher. The comparable figures for the oak forest were 34% and 19%, respectively. Fig. 3 . Average number of species in the quadrats or microsites representing differing growth forms, expressed cumulatively. As quadrats were established soon after the storm, 1983 represents pre-disturbance conditions. Since growth forms are expressed cumulatively, the top curve represents the mean species richness of quadrats or microsites.
Which factors are responsible for the increase in quadrat richness?
The first, obvious explanation for the increase in quadrat richness is that there was an influx of invasive, ruderal species. However, this does not appear to be a reasonable explanation for the patterns we observed. First, although ruderals do increase somewhat (App. 1), they only constituted a minor component of the quadrat's species list (however, as discussed later, ruderals became important on parts of the tipup mounds). Furthermore, the vast majority of species (usually greater than 90%) that colonized quadrats were already present in the forests (Fig. 4) . Thus, the increased richness at the quadrat level was largely caused by an increase in the frequency of species initially present within each forest.
Growth forms
Perennial forbs were the most frequent growth form in both forests although there were a number of species of trees, shrubs, and annuals/biennials (quantified in Fig. 2) . Changes in the representation of growth forms through time were, for the most part, slight (Fig. 2) . Noticeable exceptions were an increase and eventual decrease in the annuals/biennials in both forests, an initial increase in the perennial graminoids in the pine forest. Also, in both forests, there was an initial increase in the representation of perennial forbs (Figs. 2 and 3) . Shrubs, woody vines, and herbaceous vines had proportionally greater representation at the quadrat level (Fig.  3) than they did at the forest level (Fig. 2) . This was mostly due to the high frequency of a few species (e.g. Fig. 4 . Average number of colonizing species (i.e. a species present in a quadrat during a given sampling interval but absent in the preceding interval) consisting of species new to the forest, species new to the quadrat but not the forest, and species originally present in the quadrat before the storm (1983) . Note that the number of species colonizing in 1984 but present in the quadrat before the storm must be zero, because if it is still present it is not considered a colonist. Table 2 . The distribution of growth forms among species averaged over all time intervals. This is calculated for all species present in the quadrat, all species colonizing quadrats during the study, and all species disappearing from quadrats during the study. cilinode). Annuals/biennials represented a much smaller proportion of the species at the quadrat level than at the forest level.
Rubus idaeus, Parthenocissus quinquefolia, Polygonum
The main changes at the forest level (Fig. 2) were not observable in the quadrats (Fig. 3) .
Growth forms of colonist and disappearing species
The species colonizing quadrats had a similar growth form distribution to those disappearing from quadrats (Table 2 ). This explains why the representation of each growth form had not been changing much through time (Figs. 2, 3) . The small differences that did occur (e.g. a higher representation of perennial forbs in colonizing in contrast to disappearing species) were reflected in the changing growth form distributions in quadrats (Fig. 3) . Not all growth forms were equally prone to colonization or disappearance. In both forests, annuals/biennials and trees were more likely to be represented as a colonizer or disappearing species than you would expect from the growth form distribution in the quadrat (Table 2) . Although it may seem counterintuitive for trees to change rapidly, it was not too surprising since many trees have both a high seed rain and high seedling mortality. Woody vines and shrubs had a higher persistence than other species (i.e. their colonization and disappearance rates were less than expected from the growth form distribution).
Tipup mounds Tipup mound microtopography
In 1993, the tipup mounds had an average height of 0.60 m, a length of 0.92 m and a width of 1.91 m. The pits had a mean depth of 0.16 m. In 1997, the mounds became slightly shorter (0.58 m), longer (1.02 m), and wider (2.11 m), and the pits became shallower (0.15 m). In other words, the mounds were gradually eroding and the pits were filling in. Coincidentally, the areas of the microsites were close to 1 m 2 , suggesting that there will be no gross errors when comparing them to those of the forest floor quadrats. As a consequence of the increase in length and width, the tipup areas were increasing. We estimate that the tipup mound topography (including pits) covered approximately 4.8% and 5.6% of the forest floor in 1993 and 1997, respectively. This compares with the values of 1.6 -4.3% of the ground area disturbed by Hurricane Opal (Greenberg & McNab 1998) in a North Carolina forest, and 3% in a Finnish forest after a single windstorm event (Kuuluvainen & Juntunen 1998) , but is rather less than the 11% caused by a tornado blowdown in Pennsylvania ).
Species composition in relation to tipup mound topography
Canonical correspondence analysis of the 120 pine forest quadrats, 56 new soil microsites, 56 old soil microsites, and 53 pits indicated an initial difference in species composition (Fig. 5a ). New soil microsites were the most distinct in species composition, whereas old soil microsites were initially very similar to the forest floor quadrats. Old soil microsites became much more 
a) b)
similar to the new soil microsites by 1990. Pits were not sampled until 1985, and were then more similar to old soil than new soil. As in Fig. 1 , the second axis of Fig. 5a was a temporal one. Over the 14 years of this study, the microsites have clearly converged in species composition: all the centroids from 1997 are in the lower left of Fig. 5a . CCA species scores illustrate species preferences for these microsites, and their trends through time (Fig.  5b, App. 2) . In the lower left of Fig. 5b are those species that were most frequent in 1997, while in the upper right are those that were most frequent in the new soil in the early years of this study. Species found in nearly all microsites are in the middle of the figure, and on the far left are those that were most frequent in the forest floor quadrats.
Colonization of the new soil in the first two years after the storm was primarily by ruderal species (Chenopodium album, Verbascum thapsus, Conyza canadensis), and vegetative spread of nearby vines (Vitis riparia and Parthenocissus quinquefolia) and Rubus idaeus (App. 2). Old soil plots did not see large increases in the frequency of ruderal species until 1985 (e.g.
Conyza canadensis).
By 1985 pits (which were initially bare soil) had been colonized by a number of forest floor species such as Anemone quinquefolia, Aquilegia canadensis and Arisaema triphyllum. The ruderal Conyza canadensis was initially frequent but became almost absent from pits by 1997.
Species richness on tipup mound topography
In 1984, there were more species, on average, on old soil than there were on newly exposed soil (Fig. 3) . This is presumably because of the persistence of understory species on the 'old soil' side of the mound after uplift. In 1985, the newly exposed soil became much more species rich, largely due to the influx of short-lived species (see previous paragraph), while the old soil lost some of its initial species. The species richness of all microsites increased substantially until 1993, when the new soil was richer in species than the old soil, which was in turn richer than the pits. Species richness declined by 1997, and the distinctions between microsites lessened. This increasing similarity in species richness is consistent with the previously discussed convergence of species composition (Fig. 5) .
As previously noted, vertically projected areas of tipup mounds increased through time. This may suggest that species richness was merely a result of increasing the sampling area. Indeed, regressions of richness on sampling area (not shown) were highly significant for all three microsites types. However, we believe that the patterns in Fig. 3 are not artifacts because: (1) although projected area increased, surface area was likely to be relatively constant since the height decreased, (2) the decrease in richness in the last two sampling periods was inconsistent with the simultaneous increase in area, and (3) Fig. 3 remained essentially unchanged when we used regression equations to 'correct' for area differences (i.e. to interpolate to 1 m 2 ).
Except for the pits, and for the first year on old soil, temporal trends in species richness of the tipup mound microsites were parallel to those of quadrats (Fig. 3) .
Growth forms on tipup mound topography
The growth form distribution of species on tipup mound topography differed from that of pine forest floor quadrats (Figs. 2, 3 ). These differences were subtle at the level of the entire pine forest (Fig. 2 ), but were pronounced at the level of the individual microsite or quadrat (Fig. 3) . In particular, the representation of annuals/biennials was highest on new soil, followed by old soil, pits, and quadrats. On the new soil, the annuals/biennials proportionally decreased through time while the trees, shrubs, herbaceous vines and perennial forbs increased. On the old soil, the most conspicuous pattern was an increase and subsequent decrease of the number of annuals/biennials. This was consistent with the convergence of the species composition on new and old soil in 1990 (Fig. 5a ). Pits experienced an increase followed by a decrease in the number of annual/biennials. All microsite types experienced an increase in the proportion of trees.
Discussion
The understories of the two forests remained distinct in species composition throughout the study period. This is, no doubt, largely due to their different histories and environments. The pine forest appeared to be a single cohort of trees (Arévalo et al. 2000 ; this issue), most likely arising from oldfield succession or other anthropogenic disturbance. This is comparable to the North Carolina piedmont, where understories of successional pine forests are compositionally distinct from those of oak forests (Christensen & Peet 1984) .
Disturbance did not result in major changes in species composition (Table 1 ) and growth forms (Figs. 2 and 3 ) in the forest floor quadrats. Direct gradient analysis (CCA) revealed a subtle but consistent and directional change in quadrat species composition in both forests. As expected, we found an increase in the disturbance specialists Rubus spp. and Polygonum cilinode, but we also found increases in typical forest floor species such as Anemone quinquefolia, Aster macrophyllus, Arisaema triphyllum, Dryopteris carthusiana, Polygonatum pubescens and Trientalis borealis. Catastrophic disturbance can play a positive role in the demography of such forest floor species (Reader & Bricker 1992; De Grandpré & Bergeron 1997; Cooper-Ellis et al. 1999) . The change in species composition of forest floor quadrats was most rapid during the early years of the study, but by the end the change had slowed or even stopped.
The high pre-storm frequency of Rubus idaeus implies past disturbance, and its ability to persist under a closed canopy. Through the study, R. idaeus grew from spindly plants to dominant clones (pers. obs.). Peterson & Carson (1996) suggested that dominance by Rubus after disturbances is a function of the presence of propagules. In contrast, the current study suggests that it can be influenced by the 'release' of existing plants.
The strong increase we observed in the frequency of Dryopteris carthusiana in the pine forest, but not the oak forest is possibly related to the requirement of the fern gametophytes for bare mineral soil. Beatty (1984) and Peterson & Campbell (1993) found Dryopteris spp. primarily in pits, although these authors studied tipups much older than ours. While Dryopteris carthusiana appeared first in the pits in our study, within a few years it was also frequent on old and new soil of mounds. This is likely due to continued erosion of the mounds, as well as the increased shading from Rubus, Polygonum cilinode, and in the later years, young trees.
Our observation that wind disturbance enhanced species richness of forest floor quadrats (Fig. 3) is consistent with the literature (Collins & Pickett 1987; Cooper-Ellis et al. 1999 ). In contrast to other studies (Díaz et al. 1994; McIntyre et al. 1995; Tsuyuzaki & del Moral 1995; Ne'eman & Ido 1996; Prach et al. 1997; Vetaas 1997; García-Mora et al. 1999; Prach & Pyšek 1999) and to the analysis of tipups in this study, we found that the relative abundance of different growth forms of species did not change much in response to disturbance.
The largest changes in species composition of the pine forest occurred on the newly exposed soil on tipups, where ruderals had a high early frequency. The newly exposed soil also had a high proportion of annuals/ biennials. Both observations are in marked contrast to relatively unchanged forest floor quadrats. Despite the catastrophic nature of canopy removal, it appears that its effects are minor unless combined with soil disturbance, which allows for the influx of early successional species (Nakashizuka 1989; Everham & Brokaw 1996) .
It is clear that tipup mounds have profoundly enhanced floristic heterogeneity. The newly exposed soil on the mounds developed a distinctive species composition. Although the 'old soil' part of the mound originally had a composition similar to the understory, it developed characteristics of the new soil (both in terms of species composition and growth form distribution) as the surface eroded. The composition and growth form distribution of pits were intermediate between mounds and the understory. The initial differences in species composition among microsites largely disappeared by the last year of the study, and patterns of species richness have mirrored those of the understory quadrats. Since studies of very old tipup mounds (Beatty 1984; Peterson & Campbell 1993) find that they possess distinct microcommunities, it will be interesting to see whether this study's tipup mound topography will continue to influence species composition in the future.
Although we did not (yet) find a return to predisturbance conditions, the change in composition in the understory appeared to be slowing. We suspect that the current dominance of Rubus idaeus and Polygonum cilinode in the pine forest will gradually decrease after full canopy closure, as in the oak forest, but it is difficult to speculate what other compositional changes will occur.
To conclude, wind disturbance clearly affects understory species composition, although the magnitude of the change may be modest in contrast to the change in the canopy. Disturbance does not necessarily result in profound changes in the spectrum of growth forms. Tipup mound microtopography appears to have only a short-lived effect on species composition following disturbance.
App. 1. Percentage frequency in quadrats. Only species with at least 50 occurrences in the complete data set (i.e. all years, forests, microsites combined) are shown. Growth forms are as defined by USDA & NRCS (1999 
